ABSTRACT In recent years, GitHub, the most popular social coding site, has been increasingly employed for managing learning content, sharing knowledge, imparting experience, and requesting and contributing learning resources in a crowdsourced way. We thus refer to this type of e-learning practices in which people perform learning-related tasks with open calls in an online community to gain knowledge or skills in specific areas as crowdsourced learning (CL). To understand this emerging phenomenon in GitHub, we investigate the popularity of the learning projects and learners' CL activities, first on the extracted GHTorrent learning projects and then on a selected sample of 105 popular learning projects. We then conduct an online survey of 301 learners to qualitatively understand their practices and perceptions of CL in GitHub. Our main findings reveal that the learners' CL practices show some different characteristics from those of open source development, e.g., the learning projects have very few long-term contributors (less than 5% of all contributors). Moreover, although the learners benefit from conducting personalized learning with the high-quality content and contributions made by the community, they encounter challenges in maintaining initiatives to conduct continuous unsupervised learning and in ensuring the quality of content and contributions. Based on the findings, we discuss the reasons behind the growth of CL and provide implications on the CL platform design.
I. INTRODUCTION

Coined by Howe in 2006, crowdsourcing is the ''act of a company or institution taking a function once performed by employees and outsourcing it to an undefined (and generally large) network of people in the form of an open call''
. The crowdsourcing model relies on the wisdom of crowds, which is based on observations that solutions with a large number of contributions often succeed and crowds are always more intelligent than the smartest person in the crowds. In particular, the crowdsourcing model has shown significant effectiveness in large-scale collaboration and high-quality content creation and curation [2] , [3] . Moreover, to facilitate large-scale participation and collaboration, crowdsourcing platforms always adopt relatively loose management
The associate editor coordinating the review of this manuscript and approving it for publication was Hsiu-Ping Yueh. models (e.g., the wiki-based workflow) and a bazaar-like organization structure, which enables users to autonomously participate in crowdsourcing activities according to their will and requirements. Therefore, the application of crowdsourcing approaches has potential in e-learning to address the challenges of content curation [3] , [37] and personalized learning [4] . Based on the definition of crowdsourcing, we refer to the e-learning model in which people perform learning-related tasks with open calls in an online community to gain knowledge or skills in specific areas as crowdsourced learning (CL). Although numerous studies [3] - [8] have discussed the application of crowdsourced approaches to e-learning, open, public, collaborative, and community-based CL environments are insufficiently implemented in industry [5] , [9] , and few existing studies have provided empirical evidence of learners' practices and perceptions of this novel e-learning model. 1 The issues are primarily employed for reporting bugs or feature enhancements in OSS sites. 2 A pull request records a set of code commits and a description of the changes.
CL in GitHub have experienced sustained growth over the last five years. The learners' CL practices exhibit characteristics that differ from the characteristics of the OSS context, e.g., the learning projects, even the most popular projects, have few long-term contributors. We also found that the learners benefit from high-quality learning content and contributions made by the community, like-minded communications, and personalized learning. The toughest and most frequent challenge encountered by learners is the insufficient platform support for CL of GitHub, mostly related to the steep learning curve of Git and the lack of informal communication channels, incentive mechanisms, and support for learning. Additionally, the learners are struggling to maintain quality, attract contributions and conduct continuous unsupervised learning. To the best of our knowledge, we present the first investigation of this phenomenon in GitHub. We hope that this work will highlight several research directions for researchers and provide valuable implications for industrial platform construction.
II. RELATED WORK A. CONSTRUCTIVISM-BASED E-LEARNING
Constructivism learning theory is a philosophy that argues that learning is an active construction process of new knowledge based upon prior experience [11] . The core characteristic of constructivist learning is that learners play a central role in mediating and controlling learning. In the last decades, many industrial e-learning environments have been implemented based on the tenets of constructivism, and numerous scholars have studied the constructivism-based e-learning model. Bruckman [12] conducted a case study of 180 children and 90 adults who learned computer programming with a constructivism-based learning environment in a self-motivated, peer-supported fashion. He found that community support for learning is an essential element in collaborative learning on the Internet. Zualkernan [13] proposed a framework for developing authentic constructivist e-learning environments based on an ecological view. He also presented a methodology for developing e-learning environments based on pedagogical design, architecture, and context of learning and conducted a case study of developing a just-in-time game-based learning environment to illustrate the use of the framework. Koohang et al. [14] proposed a learner-centered model for designing e-learning assignments and activities within constructivism environments. The model includes learning design elements and learning assessment elements. An application case within an e-learning course was further presented to demonstrate the effectiveness of the model.
As an extended theory of constructivism, social constructivism emphasizes the social and collaborative dimensions of learning [15] . Zhu et al. [16] examined student perceptions about their social and collaborative activities in a social-constructivist e-learning environment and their preferences with regard to an 'ideal' learning environment. VOLUME 7, 2019 They conducted a case study of 165 Chinese and 217 Flemish freshmen who took a course on instructional sciences. Their results provided practical implications for the effectiveness of a social-constructivist e-learning environment, as well as for the potential differential impact on students in different cultural settings. Brennan et al. [17] conducted a case study on Scratch, a programming environment that enables learners to create and share creative projects, to explore how different forms of participation and collaboration within a community can support young people in developing interactive media. Campbell et al. [18] studied 'distributed mentoring' in online fanfiction communities. They proposed seven key attributes of distributed mentoring and showed how the attributes work together to guide fanfiction authors as they seek to develop their writing skills. They also found that distributed mentoring holds potential for application beyond spontaneous mentoring and may help students receive diverse and thoughtful feedback in formal learning environments.
Although existing studies on social-constructivism-based e-learning advocated that learners acquire knowledge through the assistance and mentoring of the online community or peers, whether or how other learning-related tasks (such as content curation and quality assurance) are executed through the crowdsourcing method is not explicitly clarified. We argue that these tasks are crucial for the learning effects of constructivism-based e-learning, especially in the informal learning context. Inheriting some characteristics of these models, e.g., self-motivated, peer-supported, and community-based, the CL model in this study emphasizes the crowdsourcing process of learning-related tasks, and our work provides corresponding empirical evidence of the effectiveness of CL in creating high-quality content and ensuring the quality of contributions. Furthermore, several studies have focused on the application of GitHub in the educational context. For example, Zagalsky et al. [21] collected teachers' perspectives to understand how GitHub improves the educational experience for students and teachers. In our study, we identified some relevant projects, such as students' course assignments. We excluded these projects (refer to Section IV-A) because they do not belong to the definition of learning projects in our study, which are autonomously created by learners who aim to learn knowledge or technologies on a specific topic without teacher supervision.
B. CROWDSOURCING-BASED E-LEARNING
A few studies have focused on the application of the crowdsourcing method in e-learning. Weld et al. [4] discussed why education is an exciting direction for crowdsourcing research. They also sketched some of the challenges and directions of crowdsourced methods for realizing personalized online education, e.g., crowdsourced content creation and curation, personalization, and generalization of rich feedback. Tarasowa et al. [5] developed the CrowdLearn concept to exploit the wisdom, creativity, and productivity of crowds for the creation of rich, deep and semantically structured e-learning content. The CrowdLearn concept combines the wiki style for collaborative content authoring with the SCORM (Shared Content Object Reference Model) requirements for re-usability. Barbosa et al. [19] discussed basic e-learning processes that are based on crowdsourcing tools and defined conceptual models that are tailored to each type of process by using unified modeling language models. The proposed conceptual models can be used to build new e-learning crowdsourcing tools. Porcello and Hsi [3] analyzed how multiple information sources, user communities, and online platforms can be coordinated to craft effective experiences in digital-rich learning environments. They proposed four components essential to online education resources: convergence toward common metadata, balancing expert and community definitions of quality, community input, and interoperability. Paulin and Haythornthwaite [8] defined classes and broadened the discussion to literature on the creation of open virtual communities and the operation of open online crowds. They present literature on online organizing, learning science and emerging educational practice to discuss how collaboration and peer production shape learning and enable ''crowdsourcing the curriculum''. Francois and Quek [20] proposed a framework for 'Crowdsourced Microlearning' matching archetypes of crowdsourcing scenarios with design challenges in microlearning. They also discussed existing cases that show a potential for combining crowdsourcing and microlearning.
Although the existing studies primarily discuss the corresponding concepts or models of crowdsourcing-based e-learning, CL platforms remain insufficiently supported in industry. In this paper, we explore an application of the CL model in GitHub. Our study shows the potential use of GitHub in CL and exposes several challenges. Based on the findings, we provide valuable implications for the future platform construction of CL.
III. CROWDSOURCED LEARNING IN GITHUB
GitHub, a social coding platform, is the most popular OSS hosting site [21] . This site offers distributed version control and source code management functionality through Git. The most important feature of GitHub is the pull request mechanism: developers from all around the world can use this mechanism to submit their contributions for fixing bugs, enhancing features, maintaining documents, etc. In addition, this site integrates a number of social features (e.g., issues and comments, follow, and @-mention) that support large-scale distributed collaborative development and communities of practice [22] .
In recent years, GitHub has been increasingly employed as a CL platform. A group of users with common learning purposes or interests participate in a learning project, which forms a learning community. The community is managed through a ''bazaar''-like management model, where learners can participate in or quit any learning projects, learn any content, and make contributions at their own will [23] . The community has a relatively flat organization structure, and a user can dynamically act in different roles according to their behaviors, e.g., requester and contributor for content collaboration or ''instructor'' and ''student'' for knowledge sharing. For uniformity, we refer to the individuals in the CL context as learners. From the perspective of the administration authority of the learning projects, the learning communities in GitHub comprise core learners and external learners:
• Core learners: the learners who have administrative rights over a learning project, e.g., pushing commits to the repository, closing issues, and merging PRs.
• External learners: the learners who do not have administrative rights over the learning project but have participated in a project or have learned the content in the repository. Below, we use an example learning project, ZuzooVn/ machine-learning-for-software-engineers, 3 to illustrate how learners conduct CL in GitHub.
A. INDIVIDUALIZED MEANING CONSTRUCTION AND CONTENT MANAGEMENT
The learners, especially the core learners in the learning projects, often actively and autonomously construct knowledge and gain experiences in real practices. To record the knowledge or experiences, they usually employ Markdown language to record and organize the learning content. Markdown is a lightweight markup language that is often used by software developers to format 'README' files to present information about a project, e.g., installation instructions, demos and change logs. In a learning project, to enable people to directly view the content, the core learners place all text content in the ''README.md'' file and place other related resources (such as other language versions of the content) into the Git repository. The ''README.md'' file often starts with a ''Contents'' section that indexes all sections of the content (Figure 1(a) ). Because files and repositories in GitHub have size limits, learners do not always upload all associated materials (e.g., videos) to the repository. Instead, they use hyperlinks to link to the resources that are hosted on other sites. However, all content is not simultaneously created. The learners use Git to incrementally submit the knowledge fragments that are acquired during practice to the repositories, which consequently form relatively systematic personal knowledge systems for a specific topic.
Example individualized learning [16] . Because GitHub lacks a communication channel or a question and answer (Q&A) section, the learners employ issues and comments for requesting help from the members in the community (refer to Figure 1(b) ). To facilitate management, issues for informal communication are often tagged as ''question'' or ''discussion'' in some learning projects. The learners can subscribe to the issues that they are interested in to receive updates on the issues. Additionally, core learners can assign incoming issues to specific members who may potentially solve the problems. Similar to typical Q&A sites, high-quality answers are elected by the community in a crowdsourced way as well: the learners can perform ''upvotes'', ''downvotes'' and ''like'' operations on comments to vote for excellent comments.
Example: ZuzooVn wanted advice on a deep-learning roadmap. He created an issue to ask for help from the community (Mark 1 in Figure 1(b) ). This request attracted 6 learners to share their experience and resources. Among the answers, AhmedHani's answer shared his detailed experiences and related resources and emerged as the most recognized one, which received 7 upvotes and 10 stars (Mark 2 and 3 in Figure 1(b) ).
C. CROWDSOURCED COLLABORATION
Learners with different skills and backgrounds should collaborate in tasks and discussions to arrive at a shared understanding of the truth in a specific field [24] . In GitHub, learners primarily use PRs to collaborate on the content of the learning projects. The pull-based contribution model is a distributed development model, which separates the concerns of building artifacts and integrating changes [25] . When requesting a crowd's content-related contributions, the core learners create an issue, which is usually tagged as 'help-wanted'. The external learners then submit their contributions using PRs and comment on the issue by referencing their PRs. After receiving a new PR, core learners usually review the PR first and then merge it when it satisfies quality standards, such as standards for formatting and accuracy. Additionally, core learners sometimes use issue comments to informally request contributions when external learners report mistakes in issues; core learners typically comment on an issue with ''please send me a PR''. Figure 1(c) ).
Example: When studying the content, dangsonbk found an issue that some sentences referenced from other places did not use a quote mark, and he reported this issue (Mark 4 in Figure 1(c)). The core learner, ZuzooVn, saw the issue and commented ''Thank you. Please make the Pull Request''. Dangsonbk fixed the issues and then created a PR (see Figure 1(c)). Finally, ZuzooVn accepted the PR and referenced this PR in the issue (Mark 5 in
IV. RESEARCH METHODOLOGY
To answer our research questions, we followed a mixedmethod approach that combined qualitative and quantitative methods [26] . We statistically analyzed the learning projects in GitHub for RQ1 and RQ2 and conducted an online survey for core and external learners to understand their experiences and perceptions for RQ2, RQ3 and RQ4.
A. QUANTITATIVE ANALYSIS 1) DATA COLLECTION
We employed GitHub data that were provided by the GHTorrent project 4 [10] , which is an offline mirror of the data that are offered via the GitHub API. The data dump that we used was the MySQL database released in May 2017, which stored the main fields of the data from all open projects in GitHub prior to May 1, 2017 . To analyze CL in GitHub, the first step is to extract the learning projects. Based on the connotation of CL, the learning projects in this study are the GitHub projects that are spontaneously created by the crowds on the Internet to record, gain or share the knowledge or skills of a specific topic. Generally, the project description introduces the purpose and total use of the project. According to our preliminary investigations, most project descriptions have common sentence structures, e.g., ''A repository for learning...'', ''A study path for...'', and ''Learn...''. Therefore, we adopted a method that is similar to the strategies employed to identify relevant studies when performing systematic literature reviews (SLRs) [27] and extracted the learning projects based on the project descriptions. The specific procedures are described below: 1) Coarse-grained selection. In the first phase, to select the projects that are created for the purpose of learning, we retrieved from the entire data set the projects that are not forks of other projects and whose name or description contained the keyword ''learn'' or ''study''. As a result, 631,464 projects were extracted from the 546,622,086 total projects. 2) Fine-grained exclusion. In the results that were established from the first phase, a significant portion of the projects were not learning projects, such as machine-learning libraries. Therefore, the task of the second phase was to exclude these projects. We manually identified the patterns of non-learning projects. The first and third authors of this paper participated in this process. Each of these authors had ten rounds of identification tasks, and in each round, each of these authors was assigned 100 projects that were randomly selected from the results obtained from phase 1. The authors understood the purpose of a project based on its description and recorded the description pattern when it was not a learning project. The synthesis results from the authors indicated that the non-learning projects were categorized into three main types: learning management apps, machine-learning libraries or frameworks, and students' homework or submissions. We first used RE1, RE2, RE3, and RE5 in Table 1 to exclude software projects, machine-learning libraries, and students' homework. However, we found that a considerable number of projects that were filtered by RE3 were for the purpose of learning machine-learning. Thus, we then applied RE4 to include these cases. Consequently, 477,193 projects were extracted, which formed dataset A. 3) Evaluation. We evaluated the validity of our method on the original GHTorrent dataset. We randomly selected 1000 projects that were not forked and not deleted from GitHub and manually identified the learning projects.
The results indicated that ten of the 1000 projects were learning projects, and our method extracted 11 learning projects, nine of which were correctly recognized. Therefore, the accuracy and recall of our method on the original dataset are 99.7% and 90.0%, respectively. Because the learning projects account for only a small proportion of all GitHub projects, and the validity of our method is largely determined by the utility of the regular expressions, we evaluated the validity of the fine-grained exclusion process of the learning projects on dataset A. We randomly sampled 1,000 projects from dataset A and manually identified the learning projects. Consequently, 825 of the 1,000 projects were learning projects, and the accuracy and recall of our method in the fine-grained exclusion process are 73% and 79%, respectively.
2) DATA ANALYSIS
To understand the development trend and the popularity of the CL phenomenon in GitHub (RQ1), we analyzed the annual and monthly growth of learning projects and related indicators in dataset A. In addition, we investigated the annual growth of the ratio of the learning projects to all GitHub projects. To answer RQ2, we selected from dataset A a set of the most popular learning projects that had more than 1,000 watchers and analyzed the descriptive statistics of the learners' activities in these projects. Specifically, we first analyzed the general characteristics of the learning projects, e.g., team size and activeness. Then, we analyzed the core and external learners' activities to understand their practices regarding project management and community contribution, respectively. As a result, 105 learning projects were sampled, which formed our dataset B. TABLE 2 lists the general statistics of the learning projects in dataset B. Of these learning projects, 26% concern data science techniques, 22% involve programming languages, 21% regard software frameworks, and the remaining 31% include other topics.
B. ONLINE SURVEY 1) SURVEY DESIGN
Since core learners and external learners perform different activities and have different concerns, we designed separate questionnaires for the core learners 5 and external learners. 6 Both questionnaires were divided into three logical sections: demographic information, multiple-choice or Likert-scale questions and open-ended questions. Specifically, excluding 4 demographic questions for both surveys, we used 4 and 3 Likert-scale questions (4 frequency scales ranging from ''never'' to ''always'') to understand the core and external learners' 'offline' learning practices that are not reflected on the platform, respectively (RQ2). To understand the learners' perceived benefits of CL, we provided 4 and 7 Likert-scale questions (5-attitude scales ranging from ''strongly disagree'' to ''strongly agree'') for core and external learners, respectively. Additionally, we included a multiple-choice question in both surveys to understand the learners' overall perceived benefits of participation in CL. To elicit the contributor's opinions, in all multiple-choice questions we included an optional 'other' response. Last, we used 3 open-ended questions to learn about their encountered problems and perceptions of the process.
2) TARGET PARTICIPANTS
We sent the questionnaires via email on SurveyMonkey, which is a popular web service for online surveys [28] . The target receivers of the survey were selected based on two principles. First, they must be core or external learners who have managed or participated in (by submitting or commenting on issues or PRs) a learning project in dataset B. Second, the users must have registered valid emails in GitHub. As a result, 3,874 users (including 221 core learners and 3,750 external learners) were selected as our target receivers.
To encourage participation and assist in respondent recall, we created a customized email for each receiver that contained her GitHub name and the involved learning project.
3) RESPONDENTS
The survey was conducted from June 3 to June 19, 2017. We received 40 answers and 261 answers (18.1% and 7.0% response rates) from the core learners and external learners, respectively. In addition, 10 participants replied via email to show their interest in this research and provided valuable suggestions and feedback on our work. Of the respondents, approximately half (51.5%) were company employees, 25.2% were students, and 6.0% were full-time OSS developers or had other occupations, including company CEOs, freelancers, and researchers. Most of the respondents were experienced in GitHub. Of the respondents, 50.2% had been using GitHub for one-three years, and 37.2% had been using GitHub for more than three years. Additionally, all the material, including the scripts, the sampled learning projects, and the collected responses, are available online. 7 
4) ANALYSIS
To group the reported benefits (RQ3) and challenges (RQ4) of using GitHub for CL, we applied manual coding [29] on the open-ended question as follows: initially, the first and third authors individually coded a different set of 50 answers of the external-learner survey. At least 1 and up to 3 codes were applied to each answer. Then, the coders met physically, 7 https://github.com/roadfar/learn_in_github grouped the extracted codes together and processed them to remove duplicates and unify the naming of the codes. The agreed-upon codes were then applied to the answers of the external-learner survey, and each coder coded approximately half of the answers. When new codes emerged, we integrated them into the code set. Because the number of responses of the core-learner survey was relatively small, the first and third authors collaboratively applied the code set of the external-learner survey to the core-learner survey, integrated new codes and removed the unused ones. Consequently, 14% new codes were discovered, and 64% of the codes of the external-learner survey were not used in the core-learner survey. After the final code sets were determined, we classified the codes into several themes to obtain a more general understanding of the categories of learners' perceptions.
V. RESULTS
This section presents the results of our exploratory analysis. When quoting the survey respondents, we refer to the core and external learners using [cX] and [eX] notations, respectively, where X is the respondents' ID in our survey.
To emphasize the findings obtained from the open-ended answers, we underline the key terms. Where applicable, we compare our findings with related research findings.
A. RQ1: POPULARITY OF CL IN GITHUB
According to data set A, as of May 2017, GitHub had hosted over 0.48 million original learning projects, which accounted for approximately 1.5% of all original projects in GitHub. These projects were created by more than 0.36 million users and attracted the participation of approximately 1.16 million external learners, i.e., submitting/commenting issues/PRs. As shown in Figure 2 (a), the number of learning projects that were created each year steadily increased, with similar growth trends of issues and PRs. In particular, the annual watcher 8 number of learning projects increased at a faster rate than the other indicators. By May 2017, the number of users who watched at least one learning project reached 0.49 million, which constituted approximately 3.7% of all GitHub users. Moreover, the annual ratio of learning projects to all projects (refer to Figure 2 (b)) also had sustained growth over the past five years, with an average annual growth rate of 0.3%. We further analyzed the monthly growth (from January 2012 to April 2017) of the learning projects and the related indicators. Given that the absolute number of each indicator substantially differs regarding the order of magnitude, we depict their growth using a log scale. As shown in Figure 2(c) , the monthly growths of the learning projects and participation indicators steadily increased, especially for the watcher number, which exhibited exponential growth 8 A user will be notified of all updates of the project if she watches that project. (which was converted to an absolute number). Therefore, we present the following summary:
Finding 1: CL has become increasingly popular in GitHub. Over the last five years (2012-2017), the ratio of learning projects to all GitHub projects increased by an average of 0.3% per year, with a maximum value of 1.5% on May 1, 2017. These learning projects have attracted the participation of additional external learners; in particular, the number of watchers exhibited exponential growth over several months.
B. RQ2: PRACTICES OF LEARNERS
To understand learners' practices in GitHub, we performed a comprehensive analysis of the characteristics of the core and external learners' activities on the platform (summarized in Table 3 ). We analyzed their survey responses in terms of their ''offline'' practices (see Figure 3) . Specifically, we present the results in the following three main aspects.
1) COMMUNITY ENGAGEMENT
External learners provide contributions by PRs and by participating in the discussions of the issues and PRs. The results in Table 3 show that most of the external learners (more than 75%) report only one issue or PR and provide fewer than two comments to a learning project. We calculated the 95th percentile of these features and found that all the features remain the same as the 75th percentile, with the exception of issue_comments. The last feature indicates that most of the external learners perform fewer than three activities in the community. Thus, the majority of external learners are ''casual contributors'' due to their very limited contributions [30] . This finding differs from the OSS context, in which popular OSS projects always attract a group of long-term contributors [31] . This may be attributed to the fact that software projects always have specific development tasks and need to be continuously maintained; however, the contributing activities regarding the learning content are often casual events, and learners typically may not return to the learning project when they have mastered the content.
2) PROJECT MANAGEMENT
The distribution of the team size of a learning project is highly skewed. As shown in Table 3 , more than 50% of the learning projects are managed by one core learner, and more than 75% of the learning projects have fewer than three core learners. These data are significantly less than the data for popular OSS projects, in which the median and mean core developers are 7 and 15, respectively [25] . Concerning project management, our survey results show that 62% of the core learners proactively check the updates of the learning projects (see Figure 3) . Correspondingly, they are active when handling the issues and PRs from external learners. The core learners in more than half of the learning projects respond to more than 83% and 91% of the issues and PRs, respectively (refer to Table 3 ). Moreover, the quantitative results show that the response time is relatively high in the distributed collaboration context. More than half of the core learners reply to the issues and PRs within five and eight hours, respectively, and most of the core learners (over 75%) respond to external learners' activities in 45 hours. When addressing incoming PRs, most of the core learners (82%) would review the quality of the PRs (survey results). As a result, more than 75% of the learning projects have an acceptance rate of less than 60% (see Table 3 ). This acceptance rate is lower than the acceptance rate in OSS projects, in which 84.37% of the PRs are eventually merged [25] . We believe that this result can be attributed to the characteristics of the contributions in the CL context. Assessing the accuracy of learning materials is more difficult than assessing code. To investigate this issue, we asked the core learners what they would do if they could not assess the quality of an incoming PR. The survey results show that 60% of the respondents would assign it to other people to review, and eight respondents (20%) would leave the PR there or close it. Conversely, a small group of core learners (12%) would merge it and subsequently fix the issues (if any).
3) INDIVIDUAL LEARNING PRACTICES
We asked the core and external learners about their individual learning practices with the content that are not reflected on the platform. As Figure 3 shows, nearly half (48%) of the core learners continuously learn the topic and update the materials, while the remaining core learners update occasionally. Similarly, 43% of the external learners casually study the materials. In addition, most of them (over 68%) seldom check the updates of the learning projects, which corresponds to their limited contributions to the learning projects that were discussed in Section 4.2.1. One reason behind this result is that learners have difficulty in maintaining initiatives to conduct continuous unsupervised learning (which is connected to the third reported challenge in the fourth subsection of Section V) Consequently, we can make the following statement:
Finding 2: More than half of the most popular learning projects are managed by a single core learner. The core learners in more than half of the learning projects respond to more than 83% and 91% of the issues and PRs, respectively, and more than 75% of the core learners respond to external learners' activities in 45 hours. Over 95% of the external learners provide few contributions to a learning project, and more than half of these learners frequently learn the content.
C. RQ3: BENEFITS OF CL IN GITHUB
To understand why users chose to use GitHub for learning and how they benefit from its use, we first provided the core and external learners with a set of Likert-scale questions (as presented in Figure 4 ) and a multiple-choice question. The results show that 71% of the external learners and 88% of the core learners can learn something that they cannot learn using traditional classroom or e-learning platforms. More than 85% of the external and core learners agreed that the social features in GitHub help to improve the quality of learning content and learning effects. In addition, 89% of the external learners reported that the learning projects help them master skills or knowledge in a specific field.
In the multiple-choice question, we provided four predefined answers and an optional 'other' field to obtain the respondents' perceptions. A total of 10% of the core learners and 9% of the external learners added information using the ''other'' field. We learned that the benefits are associated with the following main themes:
1) COMMUNITY CONTRIBUTION
As the essential characteristic of crowdsourcing, obtaining contributions from the community is identified as the top benefit by most respondents, including 75% of the core learners and 64% of the external learners. Some external learners mentioned the benefit of 
2) HIGH-QUALITY LEARNING CONTENT
Fifty-nine percent of the external learners reported the benefits of the high-quality learning content and resources in the learning projects, e.g., ''Many great developers put great articles as well as pages in GitHub' ' [e18] . Another important advantage is the timeliness of the knowledge or technology of the learning projects. In our dataset, we observed that a considerable set of learning projects that was created around hot topics, such as deep learning, always attracts a large number of watchers and participants. The core learners in these projects are often motivated to acquire emerging knowledge and technologies. With continuous contributions from the community, these learning projects form ''hubs'' that gather high-quality and up-to-date content on hot topics, i.e., ''(The learning projects) keep the pace with new technology, in a fast way '' [e110] . This finding is the opposite of the timeliness of the knowledge in the course-based e-learning platforms such as MOOCs, in which courses are typically constructed by university teachers, and the knowledge is relatively structured and mature.
3) INTERACTING WITH LIKE-MINDED PEOPLE
A learning community gathers a crowd of learners with common interests. A total of 60% of the core learners and 59% of the external learners benefited from meeting like-minded people in the learning communities. 
5) PERSONAL RESUME FOR A JOB APPLICATION
In the OSS context, the transparency of GitHub helps developers, especially developers who have maintained popular projects, to increase their employability [32] . In our survey, both the core and external learners also mentioned this benefit in the CL context. Some core learners felt that learning projects that are hosted in GitHub can serve as ''resumes'' for job applications, e.g., ' 
Finding 3:
The most frequently reported benefits by learners are high-quality content (59% of the external learners) and contributions (75% of the core learners and 64% of the external learners) made by the learning community and like-minded communications (60% of the core learners and 59% of the external learners). Building reputation in the community is associated with job opportunities, and the 'bazaar'-like management model is beneficial for learners to perform personalized learning. 
D. RQ4: CHALLENGES OF CL IN GITHUB
To discover the challenges that are experienced when managing and participating in the learning projects, we introduced a mandatory open-ended question in the two questionnaires, in which we asked the core and external learners to state the challenges that they have encountered. Consequently, 108 respondents reported challenges of participating in CL in GitHub. Among the answers, we identified 17 challenges and grouped them into five main themes. The results are summarized in Figure 5 . From left to right, we first classify the answers on the respondent's role, i.e., a core learner or external learner. Then we show the five main themes and how the answers flow into the specified challenges. The thickness of a line represents the number of responses [33] . The results show that the most reported challenge is the platform support theme, followed by quality assurance, continuous unsupervised learning, finding learning projects, and popularizing learning projects. We discuss the results in this order:
1) PLATFORM SUPPORT
Inherently as a collaborative software development platform, GitHub lacks support for to conduct CL, which is connected to most of the reported challenges (37%) in different ways. First, the learning curve of Git was a frequently cited issue (and mentioned by 11 respondents). The learners, especially newcomers, often considered mastering the usage of Git and the branch-based workflow: ''The learning curve of Git is kind of steep as a newcomer, at least it was when I started using GitHub'' [e220], ''(I have difficulties in) learning how Git and GitHub works'' [e186]. Second, the ''Issues'' board in GitHub is typically employed for formally requesting contributions and reporting problems and is not employed for informal communication. Therefore, the learners often struggled with the lack of communication channels: ' Furthermore, the lack of incentive mechanisms was reported by several respondents. Some external learners mentioned the reputation rewards for involvement activities (like StackOverflow), e.g. 
2) QUALITY ASSURANCE
The quality theme also permeates a number of challenges (32% of all reported challenges). As the collective intelligence creates high-quality content, the wide variations among the crowd's knowledge levels challenge the quality management of the massive number of contributions [34] . Moreover, assessing the quality of content and knowledge is much more difficult than assessing the quality of code in the OSS context. The quality issue of content was reported by a considerable number of learners as well, e.g., ' 
3) CONTINUOUS UNSUPERVISED LEARNING
Six core learners and fifty-five external learners reported the challenge of conducting continuous unsupervised learning, which accounts for 19% of all reported challenges. As the learners benefit from a great deal of freedom in learning in the CL context, they also experienced difficulty in maintaining initiatives to continuously participate in learning projects, which corresponded to their few and casual activities Furthermore, a significant portion of the core and external learners (16 in total) reported workload issues. The statistical results of RQ2 indicate that more than half of the learning projects are managed by a single core learner. Accordingly, the core learners were often subjected to the time pressure of managing the learning projects: ' 
Finding 4:
The most frequently reported challenge (37% of all reported challenges) by learners is the insufficient platform support for the CL of GitHub. Learners struggle to conduct continuous unsupervised learning and to ensure the quality of content and contributions, which account for 19% and 32% of all reported challenges, respectively. Core learners find difficulty in popularizing learning projects and attracting contributions (5% of all reported challenges), while external learners are plagued by finding learning projects (7% of all reported challenges).
VI. IMPLICATIONS A. THE GROWTH OF THE CL PHENOMENON
Our first finding shows that the CL phenomenon has become increasingly popular in GitHub: more and more learning projects have been created over the last five years, and these learning projects have attracted more and more participants. Synthesizing other findings regarding learners' practices and perceptions, we discuss the main reasons behind this growth from two aspects below:
1) THE CHARACTERISTICS OF THE CL MODEL
On the one hand, we argue that the increasing popularity of CL in GitHub is essentially attributed to the character- VOLUME 7, 2019 istics of the CL model. First, regarding the learning style, the learners in the CL context are organized in the form of learner-centered communities. Learners in the communities do not have constant peers, and the community organization is dynamically evolving. In such a bazaar-like organization structure [23] , learners can participate in the community or learn according to their own will, which satisfies their personalized requirements. Second, the learning content is continuously maintained by the community in a crowdsourced way, and our findings have shown the great potential of this model in creating high-quality and up-to-date learning content, which satisfies the learners' requirements for finding free and high-quality content. Last, the help from the community is beneficial to learners for gaining knowledge and solving problems. Obtaining others' help in solving problems is essential for learners to conduct autonomous learning. Our findings show that the learners can efficiently obtain high-quality help from the community through the crowdsourcing model.
2) THE SUPPORT OF GITHUB FOR CL
On the other hand, we argue that the support of GitHub embodies the characteristics of CL, which is also essential to the increasing popularity of CL in GitHub. One important aspect is the platform support of GitHub. Though lacking abundant features for learners to conduct CL (Finding 4), GitHub provides basic and critical functions for learners to conduct crowdsourced collaboration and communication, i.e., pull requests and issues. In fact, Wikiversity 9 tried to provide support for CL, but it did not really catch on. One possible reason for this is its insufficient support for file-based collaboration and contribution management. In addition, the community formed in the OSS context provides a basis for the rapid development of the CL community. The learning projects that are created by those who have many followers can attract a large quantity of watchers and participants in the short term, and the developers in the OSS communities who are proficient at the related topics of the learning projects can seamlessly contribute content and experience in the CL context.
B. IMPLICATIONS FOR THE CL PLATFORM
Our study uncovers several insights into the mechanism and platform design of CL below.
1) CONTRIBUTION ATTRACTION
The findings for RQ2 and RQ4 indicate that attracting contributions was a main challenge for learners. The core learners often experienced difficulty attracting participants, and the external learners struggled to maintain initiatives and find the time to continuously participate in community activities. Thus, the mechanism of contribution attraction is critical for energizing the community and improving the learning effects. In this regard, a direct approach to improvement is to allocate greater business value to the crowdsourcing tasks, such as offering bonuses to the providers of high-quality contributions. Offering virtual rewards (e.g., reputation points and badges) is another approach to attracting contributions. In fact, achieving reputation rewards is sometimes more attractive to users than achieving material rewards [35] . CL platforms should build a relatively perfect evaluation system for personal reputation and achievement. Based on this discussion, automated task assignment and contributor recommendations can be helpful to finding potential contributors.
2) QUALITY ASSURANCE
Contribution quality is a top priority for requesters. However, assessing the contribution quality is a difficult task for requesters in the CL context because the tasks that are outsourced to a crowd are always the tasks with which the requesters themselves are not familiar with. Additionally, the overwhelming amount of information hinders the selection of high-quality information. To address this issue, an automated quality evaluation that combines crowdsourced quality reviewing should be instituted. On the one hand, as [e46] suggested, artificial intelligence technology could be employed to recommend high-quality contributions. On the other hand, the evaluation task can be outsourced to a crowd, such as outsourcing with a voting mechanism.
3) LIGHTWEIGHT CONTENT MANAGEMENT SYSTEM
The steep learning curve for the use of Git is a frequent complaint of learners. Git, which is a distributed version control system (VCS), was initially developed for software developers to facilitate version control and distributed collaborative development. Thus, Git contains features for programmers' coding work such as branches. However, these advanced features are often not used by learners in the CL context. Moreover, the ''offline'' feature of Git often causes learners to clone all content into local environments, which reduces their potential participation in the projects. Therefore, a lightweight and easy-to-use VCS is vital for learners to manage content and contributions. We believe that the VCS should have at least the following features: First, it should be browser-based and not require installation to a local environment. Second, it should contain basic version control operations, such as commits and rollback. Third, it should possess a simple contribution merging mechanism without the need to fork the entire repository. Fourth, it should support the downloads of specific files without the need to clone or package the entire repository.
4) CONNECTIONS AMONG LEARNING PROJECTS
A learning project is centered on a specific topic, whose granularity is usually smaller than that of a MOOC. Thus, to some extent, the learning projects can be regarded as ''microcourses''. It is imperative to connect these micro-courses based on their logical relations and recommend appropriate learning paths to help learners to continuously and systematically learn. This approach enables external leaners to identify proper learning projects and enables core learners to popularize the beginner projects and attract external learners. This suggestion corresponds to the second challenge in Section 4.4.
VII. THREATS TO VALIDITY
This section discusses the threats to the internal and external validity, which may have influenced this study.
A. INTERNAL VALIDITY
From the aspect of data collection, we used data from the GHTorrent dataset. Previous studies [10] have identified the data loss issue of the dataset; we have also identified some cases in our study. To analyze the learning projects in the dataset, we manually recognized the description patterns of learning projects from a subset of all projects. Although the two authors of the paper checked a total of 2,000 projects, some learning projects were not extracted by our methods (e.g., some popular learning projects are not written in English), and some results were not learning projects. Additionally, we observed that a proportion of the learning projects in dataset A are toy projects without any hosted resource or learner activities. These issues can influence the validity of Finding 1.
Another threat to the internal validity of our study concerns the survey that we conducted. The question-order effect (i.e., one question may have provided context for the next question) can lead respondents to a specific answer [36] . In our case, we ordered the questions based on the natural sequence of actions to help the respondents recall and understand the context of the questions. To identify the reported benefits and challenges, we used coding to classify the learners' responses to open-ended questions. The coding process is known to lead to a loss of accuracy of the original response [33] . Additionally, the reported benefits and challenges are not necessarily the benefits or challenges that they have actually perceived or encountered, e.g., they heard them from someone else.
B. EXTERNAL VALIDITY
The target participants of the study are GitHub users. The majority of these work in the fields of computer science or software engineering, which is reflected in the topics of the learning projects in dataset B. Therefore, additional related work is required to determine whether the findings hold for other domains. When answering RQ2, RQ3 and RQ4, we analyzed the most popular learning projects with more than 1,000 watchers. For the less popular projects, additional verification must be conducted. In terms of the survey, although the response rate of the core-learner questionnaire (18.1%) is acceptable, the number of responses (40 respondents) is low and significantly less than the number of responses to the external-learner questionnaire (261 respondents). This is ascribed to the fact that the total number of core learners in our dataset B is limited. Moreover, even though we reminded the survey participants of the learning projects that they participated in and the context of the survey, the answers still may be influenced by their experiences in the OSS context.
VIII. CONCLUSION AND FUTURE WORK
In this study, we investigated the CL phenomenon in GitHub. In particular, we statistically analyzed the popularity of CL and learners' practices in CL in GitHub. We also conducted an online survey to understand the learners' perceptions of CL in GitHub. We make the following major contributions:
• Insights into CL and how it is supported in GitHub;
• Empirical evidence regarding the popularity of CL in GitHub and the learners' practices in the popular learning projects;
• A thorough analysis of the survey data on the benefits and challenges of using GitHub for CL;
• Discussions of the characteristics of CL and the implications on CL platform design. To the best of our knowledge, we present the first investigation of the CL phenomenon in GitHub, and our findings show great potential of this novel e-learning model. Furthermore, our findings indicate several future research directions (e.g., recommendations of potential high-quality contributions) and have design implications for industrial platform construction (e.g., a lightweight browser-based VCS).
This work is just the beginning of understanding the CL phenomenon in GitHub. In future research, we intend to focus on the mechanism design of contribution attraction and recommendations in CL.
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